Precipitation in deformed and undeformed Al-300 ppm Fe alloy has been investigated by means of resistivity measurements and transmission electron microscopy. The undeformed specimens were solution-heat-treated at 913 K for 3.6 ks, quenched in iced water and then aged at the temperatures between 393 and 848 K, while the deformed specimens were cold-drawn for resistivity measurement or cold-rolled for TEM observations after the same solution heat treatment, and then aged. Resistivity in the undeformed specimens decreased in two stages, while in the deformed specimens, resistivity decreased in two or three stages depending on aging temperatures. Time-Temperature-Precipitation (TTP) diagram for the undeformed specimens consisted of one C-curve which corresponded to precipitation of stable Al 3 Fe. The TTP diagram for the 65% cold-drawn specimens was separated into two C-curves: the curves in high and low temperature ranges corresponded to precipitation of Al 3 Fe and Al 6 Fe, respectively. The precipitation of metastable Al 6 Fe was observed only in the cold-rolled specimens. Acceleration effects of cold drawing on Al 3 Fe precipitation were hardly recognized.
Introduction
Iron and silicon are the typical impurities in aluminum alloys, and concentrations of (iron + silicon) and iron in commercial pure aluminum are prescribed as less than 1.0 mass% and 0.15-0.4 mass% in Japanese Industrial Standard (JIS). 1, 2) The prescribed concentration for iron is higher than the maximum solubility limit in aluminum, about 0.05 mass%, 3) which results in formation of intermetallic compounds in Al-Fe or Al-Si-Fe systems. 4) Solid solubility of iron in aluminum is decreased with decreasing temperature, although the absolute value is very low, which causes precipitation of iron during heat treatments. In order to investigate precipitation of iron in aluminum, therefore, high purity alloys have to be used. Several results on the iron precipitation in aluminum alloys were reported in 60's to 70's. Miki and Warlimont 5) reported precipitation of Al 3 Fe and mentioned that the precipitation was quite slow in comparison with those in other aluminum alloys. Holm and Hornbogen 6) reported that the precipitation was accelerated by deformation. Bush et al. 7, 8) deduced formation of metastable phase from analyses of Mössbauer spectra, 7) and suggested that the metastable phase was Al 6 Fe. 8 ) Nagahama and Miki 9) identified Al 3 Fe by transmission electron microscopy (TEM) and mentioned that Al 6 Fe is difficult to precipitate. On the other hand, Ito et al. 10) showed precipitation of Al 6 Fe in Al-0.03 mass% Fe alloy by TEM observations on the coled-rolled and aged specimens. The above-mentioned studies show the outline of precipitation of iron in Al-Fe alloys, but detailed understanding on precipitation of iron is difficult on the basis of their results. For example, Miki and Warlimont 5) and Holm and Hornbogen 6) carried out TEM observations of precipitates, but they did not report any selected area diffraction pattern (SADP), they did not identify the precipitates. Bush et al. 7, 8) only measured
Mössbauer spectra, so their conclusions on sizes and coherency of precipitates are only speculation. Identification of Al 3 Fe by Nagahama and Miki 9) was based on only one SADP, and they mentioned that the identification of precipitates was difficult because lattice spacings in Al 6 Fe and Al 3 Fe are close to one another. Ito et al. 10) identified the Al 6 Fe metastable precipitate, from analyses of several SADP's taken on 95% cold-rolled Al-0.03 mass% Fe alloy, but did not mentioned on the stable precipitate, Al 3 Fe.
In the present study, therefore, precipitation of metastable and stable phases in dilute Al-Fe alloy and effects of deformation on it are investigated in detail.
Experimental Procedures
From pure aluminum with 5 N grade and iron with 4 N grade, Al-0.03 mass% Fe alloy was prepared, chemical composition of which is listed in Table 1 . Wires with 1.1 mm in diameter and about 180 mm in length were used for electric resistivity () measurements, which were solution-heat-treated at 913 K for 3.6 ks in an argon atmosphere and quenched in iced water, then aged at the temperatures ranging 393 to 848 K, which were referred to as the undeformed specimens. On the other hand, some specimens for measurements were cold-drawn after the abovementioned solution heat treatment and quenching, and then aged, in order to investigate effects of deformation on precipitation, which were referred to as the deformed specimens. In the latter case, the wires with about 3.7, 1.9 and 1.4 mm in diameter were drawn at room temperature into 1.1 mm in diameter, which results in about 90, 65 and 38% area reduction, respectively. Diameters and lengths of the specimens were measured by a micrometer and a vernier caliper, respectively. Undeformed specimens were equipped with probes before solution heat treatment, while cold-drawn specimens were equipped with probes after quenching and drawing. Measurements of resistance were carried out by four probe method with dipping the specimens in liquid nitrogen. A digital millivolt meter having the smallest digit of 0.01 nV (YEW, 2501A), under DC current of about 0.295 A checked by a standard resistance of 0.01 , almost similar as the previous study. 11) To eliminate the effect of floating electromotive force (EMF), the EMF of specimen was measured twice for reverse current directions and averaged.
For TEM observations, sheet specimens with 1 mm in thickness were solution-heat-treated, quenched in iced water and then aged at the same conditions as those for wire specimens. Deformed specimens for TEM observations were prepared by cold rolling with 65% reduction after solution heat treatment. Observation of precipitates was carried out under an accelerating voltage of 200 kV.
Results

Changes in Resistivity
To avoid effects of the errors in size factor measurements, the resistivity change with heat treatment was expressed by resistance ratio = 0 , where resistivity 0 means the value at as-quenched condition, while means the value after aging.
Changes in = 0 of the undeformed specimens aged at 393 to 573 K are shown in Fig. 1 . At all the aging temperatures (T A ), slightly decreased at the early stage of aging. In the temperature range of T A ¼ 393$523 K ((a)$(c)), there were no changes in after the initial decrease. At
there was the second decrease followed by some incubation period after the initial decrease. The same curve shown in (d) is re-plotted in (e) with magnified vertical coordinate. The second stage of decreasing started at the aging time shown by the error bar in (e). In Figs. 1 to 5, except Fig. 1(e) , changes in are not so clear due to the scales of the vertical coordinate but the time-temperature-precipitation (TTP) curves which will be shown later were obtained from the figures like Fig. 1(e) , moreover, results of analyses obtained from Johnson-Mehl plot were referred to drawing the TTP curves.
Changes in = 0 at higher temperature aging (T A ¼ 623$848 K) are shown in Fig. 2 . At temperatures between 623 and 723 K, two-stage decrease is clear, but at temperatures above 723 K, the decrease at the early stage of aging was not detected.
Changes in = 0 , of the 65% cold drawn specimens with aging at 393 to 523 K are shown in Fig. 3 . Resistivity 0 in these cases means the values measured after drawing, equipping probes and dipping in liquid nitrogen bath (hereafter as 65% cold-drawn). Resistivity slightly decreased at the early stage of aging and then decreased again after an incubation period as well as those in undeformed specimens. The 0 after the 65% cold drawing fluctuated within a range between 3.18 and 3.22 nm. The second stage decrease in on the deformed specimens occurred earlier than those on the undeformed specimens at the same aging temperature ( Fig. 1(c Initial values of on the cold-drawn specimens are higher than that on the undeformed specimen and increased with increasing area reduction. While, there was no effect of area reductions on resistivity values after decreasing of was completely finished, about 2.35 nm on each specimen. The start of the second stage of decreasing on the 90% drawn specimen was not so clear, the second stage is considered to be superimposed on the first stage decrease. With increasing of area reduction, the time for the second stage decrease became short. The third stages on 65 and 90% cold-drawn specimens are obvious, although it was not detected on 38% deformed specimen. The aging times at which resistivity reached to the final value were about the same irrespective of the area reduction on the undeformed specimen and the deformed specimens. A stagnation period in resistivity decrease may be observed on curves of 90 and 65% colddrawn specimens at about 2.7 nm. Though the stagnation period is not so long and clear as that observed in an Al-Ni dilute alloy, 11) the ranges of aging time corresponding to the stagnation roughly coincide with aging time for starting of Al 3 Fe precipitation, shown later in Fig. 12 . 
TEM observations
Precipitates in the undeformed specimen aged at 723 K for 8:6 Â 10 3 ks are shown in Fig. 7 with the selected area diffraction pattern (SADP) on the precipitate indicated by the arrow. The aging condition is corresponding to the stage at which the second decrease was almost finished as shown by Fig. 2(c) . The precipitate is observed as a rod-like shape in Fig. 7(a) , but tilting experiments showed that the shape of the precipitate was plate-like. The SADP in (a) is indexed as due to the matrix, , and the stable precipitate, Al 3 Fe, (monoclinic, a 0 ¼ 1:549, b 0 ¼ 0:8083, c 0 ¼ 1:248 nm, ¼ 107:6
12)
). The planes of (220) in Al 3 Fe and (200) in are almost parallel to one another, while the orientation relationships between the matrix and Al 3 Fe are not obtained because the observed direction was parallel to high index one for .
Microstructures in the 65% cold-rolled specimen aged at 673 K for 10 ks are shown in Fig. 8 . The aging condition corresponds to the final stage of the second decrease in (Fig. 4(c) ). Low dislocation density and formation of subgrain boundaries in (a) show that recovery occurred but recrystallization did not occur yet. The contrast indicated by the arrow in (a) is different from that due to subgrain boundaries. In the SADP taken at the portion, extra spots were observed (b) and the dark field image taken with the spot indicated by the arrow showed that the contrast was due to a precipitate. The bright field image (c) was taken by tilting the specimen in order to show the precipitate clearly. The SADP can be indexed as the matrix and the metastable precipitate Al 6 Fe (orthorhombic, a 0 ¼ 0:6464, b 0 ¼ 0:7440, c 0 ¼ 0:8779 nm 13) ). However, it is necessary to take such diffraction pattern which composes of low index planes in order to distinguish Al 6 Fe from Al 3 Fe, because the lattice parameters in both phases are too large. Many SADPs were taken on the same specimen and analyzed, an example of which is shown in Fig. 9 . A precipitate is observed to be formed along a subgrain boundary similar as that in Fig. 8 . In Fig. 9(b) , SADP and dark field image are shown. The SADP is indexed as the key diagram (c) which is composed of spots due to and Al 6 Fe. The diffraction spot due to (001) plane of Al 6 Fe is included in the SADP, the lattice spacing of which is 0.8779 nm. There is no plane having the same lattice spacing in Al 3 Fe phase. Assuming the same precipitation sequence for the 65% cold-drawn and the 65% cold-rolled specimens, the metastable precipitates, Al 6 Fe, are formed in the second stage of decrease in the former specimen. The key diagram in Fig. 9 A precipitate formed in the cold-rolled specimen aged at 673 K for 10 3 ks is shown in Fig. 10 . The aging condition corresponds to the end of the third stage of decreasing in (Fig. 4(c) ). Subgrain boundaries were not observed, recrystallization was completed. An SADP and a dark field image are shown in Fig. 10(b) . Key diagram for the SADP is shown in (c), which is indexed as the matrix and the stable phase, Al 3 Fe. The third stage decrease in should be due to precipitation of Al 3 Fe.
Microstructures in the deformed specimen aged at 723 K for 8 Ms are shown in Fig. 11 . At this temperature, the = 0 decreased with two-stages. The time of 8 Ms corresponds to the final stage of decreasing in (Fig. 4(e) ). Analysis of the SADP (b) shows that the precipitate in Fig. 11(a) is the stable precipitate Al 3 Fe.
Discussion
Resistivity change
Absolute values in resistivity change at the first stage of decreasing in the undeformed specimens are about 0.03- 0.05 nm. Decrease in resistivity due to annihilation of quenched-in vacancies in Al-Ni dilute alloys was reported as about 0.04-0.05 nm by the present authors, 11) and as about 0.04 nm in pure aluminum. 14 Figs. 4 and 5 . The decrease also occurred at higher aging temperature (Fig. 5(e) , 823 K). Resistivity increased with increasing area reduction as shown in Fig. 6 , about 0.3 nm larger in 90% cold-drawn specimen than the 0 of the undeformed specimen. Komatsu et al. 15) reported that resistivity decreased totally 0.132 nm when a specimen of 92% cold-rolled 99.998% pure aluminum was held at room temperature for 60 Ms and annealed at 623 K for 3.6 ks. The relatively large value of the present result is considered to be mainly due to the effect of solute Fe concentration. It was also reported that resistivity of a commercial 99.7% pure aluminum (Al-0.282% Fe-0.006% Si) was increased 0.38 nm by 98.3% cold rolling. 16) This increment is closer to the present results. Dislocation substructures remained as shown in Fig. 8 at a transition stage from the second to the third stage decrease, 673 K for 10 ks in Fig. 4(c) , although dislocation density was low. At a stage in which recovery was completed but recrystallization did not start, the metastable precipitates were formed. After aging at 673 K for 10 3 ks, recrystallization was completed and the stable precipitates were formed as shown in Fig. 10 . The first stage decrease in is attributed to annihilation of lattice defects such as vacancies. Recovery, recrystalllization and precipitation of metastable phase contribute to the second stage decrease. The times when the final stage of decreasing in is saturated on both the undeformed and 65% cold-drawn specimens are close to each other, which is indicative that the third stage is attributed to precipitation of stable phase in recrystallized microstructures. Therefore, the second stage decrease of in Fig. 4(a) corresponds to precipitation of metastable phase, Al 6 Fe, while the apparent second stages in Figs. 4(d) and (e) correspond to precipitation of stable phase, Al 3 Fe, that is, the third stage.
Precipitation sequence
In such alloys which can form metastable and stable phase precipitates, the metastable phase is generally formed prior to the stable phase in both undeformed and deformed conditions. However, metastable phase Al 6 Fe precipitates only in the deformed specimens in the present alloy. They are formed at subgrain boundaries as shown in Figs. 8 and 9 .
In the undeformed specimens, precipitation sequence is simple, that is, stable phase precipitates, Al 3 Fe, are directly formed. Aging time for starting the second stage decrease of was read from Figs. 1 and 2 , and plotted to obtain a TTP curve for undeformed specimen, which results in a single C-curve with a nose at about 800 K as shown by a broken curve in Fig. 12 . This TTP curve is corresponding to the precipitation of Al 3 Fe. Solid circle in Fig. 12 shows the aging condition for TEM observation of Fig. 7 , where precipitates of Al 3 Fe were observed. On the other hand, metastable Al 6 Fe precipitates seem to be firstly formed in the specimen cold-drawn more than 65%, and then stable precipitates Al 3 Fe are formed. The second stage decrease in = 0 is attributed to precipitation of Al 6 Fe at low aging temperatures, while it is attributed to Al 3 Fe at higher aging temperatures as described in 4-1. Starting times of the second stage decrease of in the 65% cold-drawn specimens are plotted with disregard to precipitate phases, which leads to solid curves in Fig. 12 , that is the TTP diagram composed of two C-curves. The boundary between the curves is about 750 K. Obvious third stage decrease in 673 K aging (Fig. 4(c) ) shifted to earlier in 698 K aging, and agings at higher temperatures than 723 K lead to two-stage decrease as shown in Fig. 5 . The boundary temperature, 750 K, seems to be a temperature above which three-stage decrease does not occur. The C curve of the cold-drawn specimen at higher temperatures roughly coincides with that of the undeformed specimens (broken curve).
Stable phase Al 3 Fe precipitated by aging at 723 K for 8 Ms in the deformed specimen (Fig. 11) , while metastable Al 6 Fe precipitated at 673 K for 10 ks (Figs. 8 and 9 ). Such TEM observations and results in Fig. 12 , in which the upper C-curve of cold-drawn specimens nearly coincides with that of undeformed specimens at high temperatures, suggest that the upper C-curve of the cold-drawn specimens should be attributed to precipitation of the Al 3 Fe stable phase. The C-curve at lower aging temperatures in the 65% cold-drawn specimen can be attributed to precipitation of metastable Al 6 Fe, although it is not so simple because the decrease in resistivity due to recrystallization superimposes on that due to precipitation of Al 6 Fe. However, increase in resistivity due to deformation is about 0.15 nm in the 65% cold-drawn specimen as shown in Fig. 6 , about 15% of total decreases in .
The open circles A and B in Fig. 12 indicate the aging conditions for Figs. 8 and 9, 673 K for 10 ks, and for Fig. 10 , 673 K for 10 3 ks. Metastable precipitates are observed along sub-boundaries in the aging condition A (Figs. 8 and 9 ), while dislocation substructures disappear and a stable precipitate is observed at the aging condition B (Fig. 10) . The metastable phase can precipitate when dislocation substructures are remaining, and after annealing out of dislocation substructures the stable precipitate is formed. Aging at higher temperatures above the boundary between the two C-curves leads to recrystallization at the early stage of aging, and the stable precipitate is directly formed. The solid circle C in Fig. 12 indicates the aging condition in which the stable precipitates are observed.
Diffraction patterns in Figs. 10 and 11 show that one or two planes of (100), (010) and (001) in the Al 3 Fe are parallel to one of the {100} planes in the matrix. On the other hand, orientation relationships between the Al 6 Fe and the matrix are not simple as shown in Fig. 9 . Formation of Al 3 Fe seems to be easy in comparison with that of Al 6 Fe from the view point of orientation relationships. However, the monoclinic crystal structure of the Al 3 Fe, composed of 102 atoms in a unit cell, 12) is very complicated, whereas crystal structure of the Al 6 Fe, orthorhombic with 28 atoms in a unit cell, 13) is relatively simple. Moreover, the atomic volume of the Al 3 Fe phase is about 0.0191 nm 3 , larger than that of Al 6 Fe, about 0.0176 nm 3 .
13) The value for Al 6 Fe is close to that for aluminum with f.c.c. structure, about 0.0166 nm 3 . The metastable Al 6 Fe seems to be easily formed from the view point of occupied volume. Nucleation of Al 3 Fe may be difficult because of its complicated crystal structure, 12) even if strain fields due to dislocations are induced by deformation. On the other hand, the simple crystal structure of Al 6 Fe will make its nucleation and growth easier than those of Al 3 Fe, especially in strained region around dislocations or cell walls. In undeformed specimens, the complicated orientation relationships between Al 6 Fe precipitates and matrix, as shown in Fig. 9(c) , will make the nucleation difficult.
As mentioned in the Section 1, Miki and Warlimont 5) reported that precipitation was quite slow, and Holm and Hornbogen 6) reported that precipitation was accelerated by deformation, but they did not identify the precipitate phase, that is, precipitation of Al 3 Fe occurs after a long incubation period, and deformation can accelerate only the precipitation of Al 6 Fe. The metastable precipitate phase, which was detected in in Mössbauer spectra of 89% cold-rolled and aged Al-0.05% Fe specimens, 7) should be corresponding to Al 6 Fe from the results of the present study. Nagahama and Miki 9) concluded on the basis of analyses of an electron diffraction pattern, taken on an Al-0.043% Fe specimen quenched from 915 K, 93% cold-rolled and then aged at 623 K for 18 ks, that the metastable phase precipitates were difficult to be formed, but the lattice spacings in Al 3 Fe and Al 6 Fe are close to each other. So analyses with only low indices planes like Fig. 9 can lead to the correct identification on precipitate phase.
Recently, Kubota et al. 17) reported precipitation of iron in Al-Fe dilute alloy based on Mössbauer measurements and they reached to about the same conclusions as the present study.
Summary
Interpretation on precipitation in the undeformed and deformed dilute Al-Fe binary alloy is confused by the following facts; 1) the resistivity is decreased both by annihilation of dislocation in recrystallization processes and also by precipitation, 2) the contrasts due to dislocations obstruct to observe precipitates, 3) the diffraction patterns for the Al 
